Cardiac triacylglycerol (TAG) stores buffer the intracellular availability of long chain fatty acid (LCFA) that act as nuclear receptor ligands, substrate for lipotoxic derivatives, and high energyyield fuel. The kinetic characteristics of TAG turnover and homeostatic mechanisms linking uptake and storage dynamics in hearts have until now remained elusive. This work examines TAG pool dynamics in the intact beating heart, under normal conditions and in response to 
Introduction
The specific kinetic characteristics of intramyocellular triacylglycerol (TAG) turnover involving synthesis and lipolysis, in the intact beating heart, have been largely uncharacterized to date, and the mechanisms linking uptake and storage dynamics have until now remained elusive. This work examines the dynamics of the TAG pool in the intact heart, under normal conditions and in response to acute changes in in vivo, transporter protein-mediated lipid uptake, in the absence of developmental adaptations that might otherwise occur in a murine mouse model. Through the use of dynamic mode 13 C-NMR and endpoint enrichment analysis via LC/MS we have been able to quantify the turnover of LCFA in and out of the TAG pool and identify distinct exponential and linear characteristics that are associated with regulatory processes of lipid dynamics in the cell (1-3).
TAG is the major source of energy stores within the heart. Traditionally viewed as an inert pool for unmetabolized long chain fatty acids, the newer, emerging realization is of TAG content in the cardiomyocyte as a dynamic metabolic pool that supports the high demand for fatty acid oxidation by the heart, as well as contributing fatty acids that serve as ligands for nuclear receptors and the induction of nuclear transcription factor activity (1, 2, 4, 5) .
Additionally, the rates of TAG turnover and content serve as neutral buffers implicated in limiting the formation and accumulation of physiological active, and potentially toxic acyl intermediates and derivatives (6, 7) . TAG turnover responds to the magnitude of lipid pool, and TAG turnover increases following high fat diet (1) , in diabetes (3) or in mouse models of increased lipid mobilization such as the PPARα or PGC-1α over-expressing mice (1, 8) . Conversely TAG turnover is decreased in hearts with decompensated hypertrophy, in which PPAR activity becomes compromised (2, 9) . Thus, the endogenous lipid store of the cardiomyocyte can play an essential role in the support and regulation of cellular processes in general and contractile activity, in particular (2, 4) . This dynamic characteristic and consequentially active role for TAG has recently been implicated to potentially mediate cardiac dysfunction under disease states (2, 10) . However, the mechanisms governing the entry of LCFA into cells in general and the heart specifically are poorly defined and the consequences of cellular uptake rates of LCFA on TAG dynamics are unknown (11) (12) (13) (14) . The current study visualizes, via 13 C NMR spectroscopy, and thereby elucidates previously unrealized, multiple kinetic characteristics of the TAG pool in the intact, functioning heart that are influenced by cellular uptake of LCFA and the intracellular balance of TAG synthesis and lipolysis. The approach is extended further to elucidate a sarcollemal membrane transport-sensitive component through acute manipulation of the expression of the fatty acid transporter protein CD36 in the functioning heart.
Recently, LCFA transport into freshly isolated cardiac myocytes was demonstrated to occur via two distinct processes, a fast exponential component (time constant (τ) of 1-2 min), modulated by CD36 expression, and a slow linear component, sensitive to inhibitors of LCFA metabolism (15) . Thus, we hypothesized that such kinetic features of LCFA uptake would be reflected in the NMR observable dynamics of TAG enrichment with 13 C enriched LCFA. In order to examine whether LCFA transporter kinetics were discernable in the intact, functioning heart, via 13 C NMR detection of TAG enrichment kinetics, and then better understand how LCFA transport might affect TAG turnover, we have used an in vivo model of exogenous gene delivery to over-express the rat isoform of CD36 in a cardiac specific manner. Dynamic mode 13 C NMR of the intact functioning heart resolved distinct phases of TAG enrichment that can be elucidated as distinct physiological processes, and are consistent with prior observations of LCFA transport across the sarcolemma of isolated cardiomyocytes (15) , with an eventual linear rate of TAG enrichment at steady state. The findings support our hypothesis that early and late phase kinetics of the isotopic enrichment of TAG from 13 C LCFA can be distinguished and reflect the separate components of LCFA entry into the cardiomyocyte versus TAG turnover, and that these separate rate components are tightly coupled and coordinated by reciprocal control of gene expression.
Materials and Methods

In Vivo Exogenous Gene Deliver and CD36 Augmentation
Three days prior to heart excision for biochemical analysis or isolated heart perfusions, adenovirus (~7x10 12 viral particles/ml) carrying rat CD36 cDNA (adv.CD36) (Vector Biolabs, Philadelphia PA) was delivered in vivo to rat hearts (male, Sprague-Dawley, 350-400 g). Hearts
were isolated three days after viral delivery, when protein levels are significantly increased without the presence of inflammation, which is not evident until 5 days after infection (16, 17) .
This open-chest cross clamp technique has been described in detail in our previous reports (17) (18) (19) 
Isolated Perfused Rat Heart
Three days post surgical delivery of the adv.CD36 or PBS rats hearts were excised and perfused as previously described (2, 22) . Hearts were perfused with 116 mM NaCl, 4 mM KCl, The fractional contribution of 13 C palmitate to mitochondrial acetyl CoA production was determined from the endpoint isotopomer distribution of 13 C in the glutamate pool (3, 23) .
Neutralized acid extracts from LV tissue was lyophilized, and reconstituted in 0. Myocardial lipid analysis and endpoint fractional 13 
C TAG enrichment
Total lipids were extracted from frozen heart tissue, as described previously with some modifications (2, 3, 8) . Frozen heart tissue (30-50 mg) was homogenized in 500 ul of PBS, and the protein concentration was determined from a 30 ul aliquot via BCA protein assay (Thermo The total long chain fatty acyl CoA concentration was determined as described previously by HPLC (25, 26) . The data was normalized to mg protein by converting wet weight to mg protein using the average value determined when isolating DAG. There was 55 mg of protein in 1 g of tissue wet weight.
Measurement of Inflammatory Cytokines
The levels of IL-1β, IL-6, IL-10 and tumor necrosis factor-α (TNFα) were assessed in frozen excised heart tissue using the Bio-Plex Pro rat cytokine assay kit (Bio-Rad). Hearts were excised from rats 72 hours after adv.CD36 or adv.null infection or from rats that did not undergo surgical intervention. Cytokine levels were determined in 90 ug of protein isolate.
Protein Expression
Protein expression was measured by Western blot in heart tissue using commercially available 
Statistical Analysis
All data is presented as mean±SE, and differences in means were determined by unpaired t test. Means were statistically different when p<0.05.
Results
Adenovirus Delivery Does not Alter the Concentration of Pro-Inflammatory
Intramyocardial Cytokines
The delivery of adenovirus to rat hearts in vivo did not lead to a significant increase in cytokine levels in excised hearts at 72 hours post-delivery ( Figure 1 ). These results are consistent with other reports on the time course of inflammation induce by adenovirus in vivo in other organ systems (29) . There was a significant decrease in Il-10 levels following adenoviral delivery.
CD36 over-expression through in vivo adenoviral infection
We chose an acute model of CD36 over-expression in the rat to investigate the relationship between LCFA uptake and TAG dynamics. Previously published work has demonstrated that CD36 expression modifies the exponential function describing LCFA transport across the sarcolemma in isolated cardiac myocytes (15) . The model for exogenous gene delivery has been described in detail elsewhere and has been used to induce in vivo cardiac specific overexpression of proteins through the injection of adenoviral vectors into the aortic root (17, 18, 28) .
As an acute model of gene manipulation, the approach is not complicated by developmental adaptations or changes induced in response to chronic gene manipulation. At 72 hours postdelivery of vector containing cDNA for rat CD36 (adv.CD36) or sham infusion with PBS, hearts were isolated from rats and perfused for metabolic rate measurements by is plotted in Figure 3 . At the end of the 40 min perfusion ~15% of the TAG pool was Dynamic data sets of 13 C NMR spectra elucidated two distinct kinetic features of TAG enrichment ( Figure 3 ) defined by an initial enrichment phase that is characterized by a single, saturable exponential function (highlighted in Figure 4a ) and a slower, linear phase (2, 3). The findings presented below link these two kinetic features to the dynamic processes of LCFA transport/uptake into the cardiomyoctye and turnover within the intramyocellular TAG pool. Of course, it is important to remember that while these separate kinetics are detected by isotope enrichment as separate temporal events, the actual events associated with the exponential (LCFA transport and uptake) and linear (TAG turnover) components coincide, and these dynamic processes coincide and the kinetic features are superimposed. Thus, the introduction of isotopically enriched LCFA enables the temporal relationship of these kinetics to be elucidated through detection of the initial introduction of the 13 C palmitate to transport into the cardiomyocyte followed by incorporation into the TAG pool.
The time constant (τ) of the initial exponential enrichment of TAG among sham hearts was τ = 3.18±0.53 min (n=5), similar to the exponential transport of LCFA transport into isolated cardiac myocytes (15) . CD36 overexpression dramatically accelerated this exponential phase of the observed TAG enrichment with 13 C palmitate, reducing the time constant by 60% compared to shams (p<0.05) (Figure 3b ). The responses of the saturable exponential to increased CD36 content indicate that the first phase of TAG enrichment is defined by LCFA transport across the sarcolemma in the intact functioning heart, and is consistent with studies showing a slowed exponential uptake of LCFA into isolated cells that are transporter deficient from the CD36 null mice (15) .
TAG Turnover and LCFA Uptake are Dynamically Coupled
As previously noted for steady state conditions of TAG content, the linear enrichment of TAG with 13 C represents the TAG turnover rate (2, 30) . At steady state, the on-rate (synthesis) for 13 C palmitate into the TAG pool is equal to the off-rate (lipolysis) (1-3) . Surprisingly, accelerating the uptake phase of TAG enrichment by acute CD36 overexpression also induced a more dynamic TAG pool. While not as pronounced as the response of the saturable exponential component to elevated CD36, TAG turnover was increased by 30% (p<0.05) in CD36 hearts over shams (Figure 4c ). Despite a trend towards increased TAG content in adv.CD36 infected hearts vs.
PBS, these differences did not reach statistical significance ( Figure 5A , p=0.13), largely as a consequence of increased variability in the treated group. One heart, in particular, contributed to that variability, and also displayed the highest induction of CD36 (2-fold), had the fastest exponential rate (τ=0.6 min), and the fastest rate of TAG turnover (136 pmol/min/mg protein).
The TAG content in this heart was 164 nmol/mg protein. An increase in CD36 expression did not alter myocardial concentrations of long chain fatty acyl CoA, diacylglycerol (DAG), or ceramide ( Figure 5B-D) . Overall the results are consistent with and increase in TAG turnover independent of an expansion of the intramyocardial lipid pool.
Reciprocal gene expression couples LCFA uptake with TAG Synthesis / Lipolysis
Since TAG turnover responded to increased palmitate transport due to CD36 overexpression, the activity of TAG synthases and lipases are clearly influenced by increased LCFA transport into the cardiomyocyte. Surprisingly, acute overexpression of CD36 also induced elevated content of the key synthase, diacylglycerol acyltransferase 1 (DGAT1), that catalyzes the final step in TAG synthesis, and the key lipase, adipose triglyceride lipase (ATGL), that catalyzes the first step in TAG lipolysis and is believed to be the rate-limiting TAG lipase in heart (31). In response to CD36 overexpression and consequential increases in LCFA uptake, protein contents of DGAT1 was elevated by 10% and ATGL elevated by 46% (Figure 6 ), indicating that these enzymes are reciprocally regulated by LCFA uptake over a relatively short period of time.
Fractional Contribution of exogenous LCFA to acetyl CoA formation
Increasing CD36 content induced no effects on the relative contribution of the exogenous 13 C palmitate to β-oxidation and the subsequent production of acetyl CoA for oxidative energy production in the mitochondria. As shown in Figure 7 , in vitro 13 C NMR of acid extracts from myocardial samples demonstrated that the palmitate contribution to β-oxidation was similar between CD36 hearts and shams, and therefore not surprisingly, the balance of exogenous LCFA oxidation to mitochondrial ATP production versus other fuel sources, such as glucose, remained unperturbed at baseline levels cardiac work in each group.
Discussion
The present study provides a detailed analysis of the relationship between LCFA uptake across the sarcolemma, via protein-mediated transport, and incorporation into the TAG pool.
Dynamic mode 13 C NMR of the intact functioning heart resolved distinct phases of TAG enrichment that could be elucidated as distinct physiological processes, and are consistent with prior observations of LCFA transport across the sarcolemma of isolated cardiomyocytes (15) .
The results demonstrate that entry of LCFA into the heart is tightly coupled to both TAG synthesis and lipolysis, as the over-expression of CD36 increases the turnover rate of LCFA through the TAG pool. Importantly, the primary effect of the acute increase in CD36 was not simply an expansion of the neutral lipid pool, but rather the activation of overall TAG turnover.
The reciprocal regulation of LCFA uptake and TAG turnover extends to changes in enzyme expression downstream of LCFA transport. The data is consistent with a model of reciprocal regulation between LCFA uptake, TAG synthesis and TAG lipolysis that works to buffer the intracellular availability of LCFA while preventing the accumulation of potentially toxic fatty acid metabolites.
The findings reported above elucidate two phases of LCFA uptake into the TAG pool of the intact heart, each associated with a specific process: an initial saturable exponential component that is consistent with a receptor mediated process, and show here to be dependent on the protein-mediated transport activity at the sarcolemma; and a slower linear phase that is determined by the rate of intracellular metabolism. By detecting the progressive incorporation of 13 C enriched LCFA into TAG in each heart, we were able to define these two components of TAG enrichment in the intact heart as temporally distinct. From initial observations of isotope enrichment rates with 13 C NMR and the relative similarity between the initial exponential phase and the exponential describing LCFA transport (15), we hypothesized that these temporal events are defined by LCFA transport and TAG turnover respectively, which is now confirmed by the response to acute induction of CD36 expression. These two processes are continually active and occurring simultaneously, but detecting the incorporation of 13 C palmitate into TAG in real-time elucidated these two distinct phases and enabled quantitative analysis.
The initial phase of TAG enrichment is a saturable process that is described by an exponential time course and over-expression of CD36 led to an increase in the rate of the exponential for this initial phase. In isolated cardiac myocytes the rate of the exponential describing LCFA transport into the cell is significantly slowed in CD36 null mice further supporting our finding that the saturable exponential function is linked to CD36 activity (15) .
Thus, the initial phase of TAG enrichment is defined by protein-mediated LCFA transport across the sarcolemma. An alternative hypothesis could be that the change in the exponential is due to changes in the intracellular TAG content. Although it is likely that an increase in TAG content would increase the total flux of LCFA into the heart as intracellular lipid appears to be the driving force for LCFA entry (15), this would not be sufficient to explain a change in the exponential time constant. The exponential time constant describes LCFA entry in a concentration independent manner. The over-expression of CD36 fundamentally alters the coupling of LCFA uptake and esterification beyond a mechanism that can be explained by simple mass action.
The acute over-expression of CD36 also induced increased TAG turnover in the whole heart that was linked to increased expression of key synthase and lipase proteins, DGAT1 and ATGL. We did not however see an increase in DAG concentration. A change in DAG concentration is not consistently seen in mouse models of DGAT1 manipulation (7, 32, 33) and the difference in the relative increases in ATGL and DGAT1 in our study likely prevents any buildup of DAG. The responsive changes in enzyme expression could be the result of a direct effect of CD36 over-expression or a response to the increased uptake of LCFA and subsequent ligand action for nuclear receptor activation (34, 35) . Reciprocal regulation between DGAT1,
ATGL and CD36 has been demonstrated in some animal models. Gene expression of CD36 is increased in the heart of the DGAT1 over-expressing mouse and decreased in the DGAT1 null mouse (7, 32) . Acute treatment of mice with a pharmacological inhibitor of DGAT1 leads to a significant decrease in the cardiac expression of CD36 and ATGL after just eight hours (32) .
The relationship between DGAT1, ATGL and the expression of key enzymes in the lipid uptake pathway extends beyond CD36, as LPL is also influenced by changes in DGAT1 expression (7, 32) .
LCFA or their metabolites could induce the protein expression of DGAT1 and ATGL directly, or through a secondary induction of transcription factors. Feeding a high fat increases the cardiac expression of DGAT1 and ATGL, an intervention that is associated with increased lipid uptake (1, 32, 36) . How LCFA or their metabolites could induce DGAT1 and ATGL expression has not been determined, however one potential mechanism is through an increase in activity of the transcription factor PPARα. LCFA and their metabolites serve as endogenous ligands for PPARα activation with many of the genes responsible for the utilization and storage of LCFA being regulated by PPARα activity (35) . DGAT1 expression is increased in hearts from
PPARα over-expressing mice (1) and a PPAR binding site has been identified within the DGAT1 promoter (37), but the ability of PPARα to directly regulate DGAT1 expression remains unknown. ATGL expression has been demonstrated to effect PPARα expression/activity, but the reverse process of PPARα regulation of ATGL expression has not been demonstrated.
As a significant source of ATP production, LCFA released via lipolysis of the TAG pool contribute to β-oxidation, but also mediate intracellular signaling, either directly or as precursors for other lipid ligands (1, 4, 5) . Such LCFA can activate the PPARα signaling cascade, and this nuclear hormone receptor induces target gene expression for LCFA metabolism (35) . Similar to support of the oxidative metabolism, LCFA originating from the TAG pool, appear to be a significant source of PPARα ligands within the myocardium (4). This suggests that incoming LCFA first need to be esterified in order to efficiently activate PPARα, further highlighting the importance of understanding LCFA cycling through the TAG pool.
CD36 influences the turnover rate of LCFA within the TAG pool, as shown by the present study, enabling either direct or indirect CD36 induced release of esterified LCFA via ATGL activity. The heart has a high metabolic demand with limited energetic stores and is therefore dependent on the coronary circulation for provision of substrates. The metabolic machinery within the cardiomyocyte must therefore adjust to circulating substrate
concentrations. Our findings demonstrate that entry of LCFA via CD36 is tightly coupled to TAG esterification and turnover as we did not see an expansion of the lipid pools upstream of TAG, namely long chain fatty acyl CoA and DAG. Despite the extra steps that now are evident between LCFA transport and PPARα activation, the heart remains capable of regulating intracellular metabolism based on the extracellular lipid concentrations. Both in this present study of acute in vivo CD36 expression and metabolic rates in the intact rat heart and in previous studies of DGAT1 manipulation, the activity and expression of CD36, ATGL, and DGAT1 are coordinated to ensure an appropriate rate of TAG turnover for the level of LCFA uptake and vice versa (7, 32, 38) . This reciprocal regulation would allow for an appropriate level of PPARα activation for the level of LCFA uptake and/or an appropriate level of LCFA uptake for the rate of TAG turnover.
TAG turnover rate is increasingly realized to be of the utmost importance to maintaining normal cellular metabolism rather than the static size of the TAG pool (2, 3, 38, 39) . A careful balance must be maintained between buffering the potential toxic or physiologically active acyl derivatives, while ensuring an adequate supply of both energy sources and signaling ligands (4, 7, 32, 40) . Mere increases or decreases in TAG content alone can not indicate any relative level of "lipotoxicity" that is presented by association to pool size. The changes in intracellular lipid dynamics we have indentified in the present study would be unseen by looking at static pool sizes alone. In order to accurately access the contribution of TAG to cardiac health, a comprehensive understanding of TAG dynamics and associated processes of LCFA uptake into the cardiomyocyte are necessary. A clear example of this need to better comprehend TAG dynamics is a comparison of chronic models of altered DGAT1 expression, the DGAT1 overexpressing mouse versus the DGAT1 null mouse (7, 32) . Both models show a reduction in myocardial ceramide relative to wild type, however the DGAT1 over-expressing mouse displays increased myocardial TAG, while the DGAT1 null mouse displays reduced TAG. (deleted the paragraph discussing Fc)
The decline in TAG turnover in the failing heart has been previously unappreciated, however turnover of LCFA through the TAG pool is uncoupled from energetic demand in the failing heart (2, 10). The reduction in LCFA cycling through the TAG pool limits the ability of the hypertrophic heart to respond to increases in workload (2) . The decline in LCFA turnover in the failing heart may relate to changes in CD36 expression, as we have shown in the present study that CD36 expression increases TAG turnover. CD36 null mice on a regular diet develop cardiac hypertrophy (41) as do mice chronically treated with a putative CD36 inhibitor (42) . The level of CD36 expression in the failing heart is not well characterized. The transition in substrate utilization away from LCFA is mirrored by changes in substrate transporter expression in human studies (43), a similar relationship was also found in failing rat hearts following myocardial infarction (44) . The spontaneously hypertensive rat (SHR) continues to express CD36, however there are mutations in the gene and the protein undergoes less post-translational modification (39) . The result is less targeting of CD36 to the sarcolemma. The disruption in the normal CD36 expression pattern appears to be directly related to the development of heart failure in this model and is associated with an apparent reduction in TAG turnover.
The importance of TAG turnover to myocardial signaling suggests that increasing the turnover of the TAG pool could have beneficial effects on cardiac function independent of LCFA utilization. This concept was recently demonstrated in the ATGL over-expressing mouse, in which protection from pressure-overload induced heart failure was conferred without an increase in LCFA oxidation, possibly due to a maintenance of normal PPARα activity (25) .
Interestingly, in so-called physiologic or exercise-induced cardiac hypertrophy there is an increase in CD36 expression levels (45) . Exercise-induced hypertrophy diverges significantly from pathological hypertrophy, in that there is actually an increase in fatty acid metabolism (46) .
The response of the exercised heart appears to be to increase TAG turnover (7).
In summary, we have elucidated the dynamic coupling between the kinetics of LCFA transport across the sarcolemma and TAG pool turnover rates within the intact functioning rat heart, following acute expression of an exogenous gene for the transporter protein, CD36. Calsequestrin was used as a loading control. For both figures mean±SE, n=5 for sham and n=6
for adv.CD36, *p<0.05. 
